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Abstract 
Prototype end domes for cryogenic propellant tanks were fabricated using friction stir welding and spin forming technology.  
Subsequent heat treatment of a dome to a high strength temper resulted in weldment properties which were below specifications.  
The microstructural reason for this was identified as abnormal grain growth (AGG) and a modified T8 heat treatment was 
developed to alleviate the problem.  Adoption of this procedure may allow the innovative combination of technologies to be 
applied to the manufacture of future launch vehicles.  In this manuscript, the results of the metallurgical analyses performed to 
establish why post-forming, pre-solution treatment recovery annealing was effective in suppressing AGG are presented. 
Keywords: abnormal grain growth; Al-Li alloys; friction-stir-welding; spin-forming; recovery  annealing; heat treatment; microstructure. 
1.  Introduction 
 
The innovative combination of friction stir welding (FSW) and spin forming deformation (SFD) technologies is 
being explored as a viable manufacturing route for the end domes on cryogenic propellant tanks [1].  This new 
approach requires post-fabrication processing of the Al-Li alloy 2195 to a high strength condition for service.  
Processing to this T8 temper includes solution heat treatment (SHT), cold stretching and aging of the material [2].  
Undesirable abnormal grain growth (AGG) occurs within the weld nugget during the SHT phase [3].  The presence 
of such oversized grains is a concern with regards to damage tolerance and structural integrity [4].  In this 
investigation, the successful approach adopted was to suppress AGG by inserting an intermediate annealing 
treatment (IAT) between SFD and SHT operations.  The IAT design constituted a merger between traditional 
processing protocols [5], microstructural stability concepts [6], and inhomogeneous grain structures [7].  Constraints 
on the design included compatibility with the large, thin-walled domes, and commercial heat treatment capabilities. 
 
Alloy 2195 has the nominal composition of Al-4.0Cu-1.0Li-0.4Mg-0.4Ag-0.1Zr (wt.%), and the material starts as O 
temper plate [2].  The thermo-mechanical processing history of the material used in this study is outlined in Fig. 1.   
The spin-forming is being performed by MT Aerospace AG, Augsburg, Germany, and the processing details are 
proprietary, i.e. temperatures, times, strains, and strain rates.  Fabrication comprises two large plates being friction 
stir welded together, followed by a stress relief annealing treatment.  A circular blank is then contour machined, 
with radial thickness varying from the centre (pole) to the perimeter (rim).  Subsequently, the blank is spin-formed 
in to a hemispherical dome with an approximately uniform gage.  In the hemispherical dome produced, the forming 
strain introduced varies from the pole, across the membrane, to the rim.  Significant to this study, the last stage of   
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Figure 1.  Schematic illustrating the thermo-mechanical processing route for prototype manufacturing of alloy 2195 spin-formed domes. 
 
fabrication involves conversion of the material from the fully-soft condition (for forming) to the fully-hard condition 
for service. Exposure of the fabricated component to high SHT temperatures prior to lower temperature aging for 
properties is necessary. 
 
The schematic in Fig. 2(a) illustrates the approximate location of the weld nugget with respect to the starting plate 
dimensions.  As indicated, the welding direction was parallel to the rolling direction in the parent metal.  The 
thickness of the material of interest here comprises only 25% of the original friction-stir-welded cross-section due to 
contour machining and spin forming.  The AGG which occurred during traditional processing of the friction-stir-
welded 2195 material is highlighted in Fig. 2 (b).  The post-SFD weld nugget microstructure is compared with the 
post-SHT microstructure after conventional T8 tempering.  The orientation of the full-penetration weld with respect 
to the fabricated dome is indicated.  The micrographs reveal that a highly refined microstructure with indistinct 
features has been transformed into a coarse-grained structure during the SHT.  It is evident that the advancing 
interface between the nugget and the parent metal represents an abrupt change in microstructure.   In this region of 
the butt weld, the growth of a few large grains has occurred, such that individual grain boundaries extend through 
the entire nugget cross-section. 
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Figure 2.   Conventional T8 processing of friction-stir-welded and spin-formed alloy 2195 material; (a), thickness of weld nugget relative to the 
original plate; (b), extensive abnormal grain growth caused by exposure to the solution heat treatment temperature. 
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The benefits of simply inserting a post-SFD, pre-SHT recovery anneal to reduce AGG are highlighted in Fig. 3.  
Progressive adjustment of the IAT temperatures/times culminated in a > 90% reduction in the area fraction of 
oversized grains.  The design philosophy for the recovery annealing treatment focused on reducing the driving force 
for AGG, rather than increasing the retarding force [7].   The Humphreys model addressing 'cellular' microstructures 
provided insight on the appropriate methodology to adopt [6].  The differentials in grain size, grain boundary energy 
and/or mobility, between the unstable grains and the surrounding grains, must be decreased.  As a consequence, it 
was hypothesized that the driving force for AGG during SHT could be reduced by promoting continuous grain 
growth (CGG) before SHT.  Modifications to the existing grain structure should be manifested in quantifiable 
(sub)grain size/morphology changes, the goals of this phase of the study.  It was also surmised that this approach 
would be effective even in the presence of grain size gradients within the weld nugget microstructure.  Fig. 3 also 
reveals that AGG was not suppressed entirely and remained adjacent to the intersection of the Advancing side with 
the weld Root side.  It was deduced that the driving force for AGG was highest at this 'AR' location, with decreasing 
gradients extending toward the intersection of the Retreating side with the weld Crown side, i.e. the 'RC' location. 
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Figure 3.   Weld nugget microstructural characteristics following solution heat treatment; (a)-(d) show the progressive reduction of abnormal 
grain growth with refinement of the intermediate annealing treatment design. 
 
2. Experimental Procedures 
 
Metallurgical analyses concentrated on the differences in (sub)grain structure between the beginning and the 
conclusion of the successful IAT.  Quantification of the grain and subgrain structure was performed using standard 
Optical Metallography (OM), and Electron Back-Scattered Diffraction (EBSD) analytical techniques.  Quantitative 
analyses were conducted on the same samples for each of the analytical techniques along 'AR to RC' traverses of the 
weld nugget cross-section (Fig. 2).  The OM data was collected using two standard specimen preparation/imaging 
mode combinations; Keller's chemical etching/ bright field (K/BF) images and Barker's electro-chemical 
etching/cross-polarized (B/XP) images.  It was anticipated that the results would give a broad perspective on the 
changes in grain structure.  The size of the images was such that the area sampled was contiguous along the diagonal 
traverse of the weld nugget.  The EBSD data reveal the changes in (sub)grain size/morphology for all of the 
boundaries present, but from much smaller sampling areas.  The 'grain' size will only depend on the boundary 
misorientation threshold selected.  During the EBSD analyses, boundaries with 2° to 15° misorientation were 
categorized as belonging to subgrains, greater than 15° as grain boundaries.  The Mean Linear Intercept (MLI) 
methodology used was in conformance with ASTM E112 procedures for OM and ASTM E2627 for EBSD [8]. 
 
3. Analytical Results 
 
The changes in the microstructural characteristics of the weld nugget during the IAT are illustrated in the B/XP 
images in Fig. 4.  A qualitative comparison of the cross-sectional images reveals little discernible transition in the 
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microstructure.  The underlying grain structure appears fairly uniform and the concentric banding of grains 
constitutes the 'onion rings' frequently observed [9].  The six higher magnification images show there has been some 
sharpening of the grain contrast during the IAT.   In both cases, the microstructure appears fully recrystallized and 
the IAT has caused uniform coarsening across the weld nugget.  It is apparent that the bands of grains are revealed 
by varying grain alignment and orientation, reflective of material flow during the FSW process [9].  The significant 
feature is that there an apparent grain size gradient along the 'AR to RC' traverse, with the finest grains at the AR 
location.  This lends credence to the notion that the level of strain and driving force for AGG is highest in this 
region. 
(a) (b)
 
Figure 4.  Series of Barker's etch/cross-polarized images showing the effect of the post-SFD/pre-SHT intermediate annealing treatment (IAT) on 
the grain structure in the weld nugget cross-section; (a)at the beginning of the IAT; (b),at the  conclusion of the IAT. 
 
These gradients and the effect of the IAT on (sub)grain size across the weld nugget are quantified in Fig. 5.  The 
MLI data represent an average of the combined changes in S and T dimensions along AR to RC traverses.  As 
expected, the different analytical techniques reveal different trends in (sub)grain size, both as a function of material 
condition and cross-sectional location.    The key finding is that the EBSD data collected on a much finer scale is in 
reasonable agreement with the broader OM data collected by two different methods.  The general trend is that the 
(sub)grain size increases during the IAT and there is also a discernible increase from the AR to RC locations.  The 
OM data shows more fluctuations, whereas the EBSD data reveals a gradual, smoother increase along the traverse.  
The most consistent trend in the MLI data is that the (sub)grain size increases uniformly throughout the nugget 
during the IAT.  Grain alignment variations (Fig. 4) probably lead to the sizable error bars, rendering a more  
 
(a) (b)
 
Figure 5.  MLI/average dimensions data showing the effect of the intermediate annealing treatment (IAT) on grain and subgrain size, determined 
along 'AR to RC' traverses of the weld nugget; (a), at the beginning; (b), at the conclusion of the IAT. 
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detailed assessment problematic.  The effect of the onion ring features on the MLI data can be negated by assessing 
grain area independent of physical grain orientations. The results of using the EBSD data to examine changes in 
(sub)grain areas during the IAT are shown in Fig. 6.  The distribution plots reveal that the grain area is roughly log-
normal in nature and does not change with location across the weld nugget. During the IAT, there has been an 
overall increase in grain area of 30% at RC, 36% at t/2 and 36% at the RC locations.  Therefore, it may be 
concluded that the weld nugget microstructure has coarsened in a continuous manner within the cross-section. 
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Figure 6.  A comparison of the (sub)grain area distribution at the beginning and conclusion of the IAT, as a function of location across the weld 
nugget.  Note the log-normal shape throughout and the  30% increase in the average grain area during the IAT. 
 
4. Discussion 
 
The subtleties in grain contrast produced by the B/XP combination do create differences in the boundaries detected 
compared with K/BF combination.    The variability in the S- and T-oriented MLI data is probably related to grain 
alignment with material flow during the FSW process.   The grain size/morphology data become progressively less 
accurate as elongated grains are inclined toward 45° (from the vertical or horizontal).  This is likely to be most 
prevalent at the mid-weld locations due to the passage of the FSW tool through the material [9].  The scaled drawing 
in Fig. 7 illustrates how the size and morphology of representative grains and subgrains at the AR, t/4, t/2, 3t/4, and 
RC locations are affected by the IAT.  The increase in dimensions of grains and subgrains at most of the locations 
again suggests uniform microstructural coarsening.  The lack of large morphological changes further suggests that 
coarsening of the microstructure as a whole has occurred via a continuous grain/ subgrain growth process.  The 
location-dependent variations in size and morphology highlight the presence of microstructural heterogeneities.  
Consequently, the (sub)grain size gradients remain the same or increase, whereas the (sub)grain morphology 
gradients fluctuate from AR to RC. 
 
The core of the IAT design is based on the application of existing microstructural stability concepts to Al-Li alloy 
materials [6].  It is evident that promoting continuous grain growth at a lower pre-treatment temperature contributes 
to a reduction in the driving/retarding force differential for AGG.  The average increase in grain size across the weld 
nugget cross-section was  30% by area.  In this case, the key aspect was reduction of the net driving force for 
initiation of AGG in a post-FSW/SFD material.  The quantitative data presented reveal that a simple IAT has caused 
continuous grain (and subgrain) growth throughout the FSW weld nugget cross-section.  The data are consistent 
with a decrease in total grain boundary area, resulting in a decrease in stored energy, and a reduction in the driving 
force for AGG.  However, uniform coarsening of the grain structure during the recovery annealing treatment may 
contribute to AGG suppression, but may not be the only mechanism responsible for microstructural stabilization 
during SHT.  Associated changes in grain boundary mobility and energy during the IAT must also be considered 
and these factors will be the topic of ongoing research [10]. 
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Figure 7.  Scaled drawing showing the changes in grain and subgrain size/morphology during the IAT, as function of location in the weld nugget.  
The collection of statistically significant data using EBSD allows for this type of representation. 
 
5. Concluding Remarks 
 
It is demonstrated that a simple, post-SFD annealing treatment can significantly reduce AGG in an FSW weld 
nugget during subsequent SHT.  Current theories indicate that AGG can be suppressed if the differential in grain 
size between the isolated, unstable grains and the surrounding array of grains can be decreased.  Consequently, a 
prolonged IAT at a temperature below that defined for instability resulted in continuous coarsening of the existing 
grain structure.   It is recognized that this research effort constitutes a case study, and the results are specific to alloy 
composition, the FSW and SFD parameters employed, and level of forming strain.  In other situations, the annealing 
time and temperature for the IAT will be dependent on these variables.  However, the experimental philosophy 
adopted here can be applied to other friction-stir-welded, high solute Al alloys.  The approach is particularly 
pertinent to materials which have undergone (or may be subjected to) post-welding deformation. 
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